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Overnight fasting is a routine procedure before surgery in clinical settings.

Intermittent fasting is the most common diet/fitness trend implemented for

weight loss and the treatment of lifestyle-related diseases. In either setting,

the effects not directly related to parameters of interest, either beneficial or

harmful, are often ignored. We previously demonstrated differential activa-

tion of cellular adaptive responses in 13 atrophied/nonatrophied organs of

fasted mice by quantitative PCR analysis of gene expression. Here, we

investigated 2-day fasting-induced protein remodeling in six major mouse

organs (liver, kidney, thymus, spleen, brain, and testis) using two-dimen-

sional difference gel electrophoresis (2D DIGE) proteomics as an alterna-

tive means to examine systemic adaptive responses. Quantitative analysis

of protein expression followed by protein identification using matrix-

assisted laser desorption ionization–time-of-flight mass spectrometry

(MALDI-TOFMS) revealed that the expression levels of 72, 26, and 14

proteins were significantly up- or downregulated in the highly atrophied

liver, thymus, and spleen, respectively, and the expression levels of 32 pro-

teins were up- or downregulated in the mildly atrophied kidney. Con-

versely, there were no significant protein expression changes in the

nonatrophied organs, brain and testis. Upstream regulator analysis high-

lighted transcriptional regulation by peroxisome proliferator-activated

receptor alpha (PPARa) in the liver and kidney and by tumor protein/sup-

pressor p53 (TP53) in the thymus, spleen, and liver. These results imply of

the existence of both common and distinct adaptive responses between

major mouse organs, which involve transcriptional regulation of specific

protein expression upon short-term fasting. Our data may be valuable in

understanding systemic transcriptional regulation upon fasting in experi-

mental animals.

Fasting has been practiced for millennia in religious

ceremonies among Christians, Muslims (e.g., Rama-

dan), Buddhism, Jews, Hindus, and others, to reduce

physical activities, resulting in a state of ‘quiescence’

like death. It has also been practiced in clinical

situations to prevent obesity, hypertension, asthma,
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rheumatoid arthritis, and seizures [1,2]. Moreover, in

current clinical settings and basic research using ani-

mals, overnight fasting is a routine procedure before

surgical operations although its influences not directly

related to organs of interest or investigated parameters

are often ignored [3].

Maintaining adequate blood levels of glucose is pre-

requisite for energy metabolism in glucose-requiring

organs/cells including the brain, kidney, testis, and red

blood cells. Upon food deprivation, declining blood glu-

cose levels induce rapid secretion of glucagon and

decreased release of insulin, thereby activating hepatic

glycogenolysis although hepatic glycogen becomes

quickly (~ 24 h) depleted. If fasting continues, periph-

eral organs switch as the primary energy source from

glucose to fatty acids that are released from triacylglyc-

erol droplets in adipose tissues. However, some organs/

cells are unable to utilize fatty acids as an energy source,

and thus, the liver produces ketone bodies from fatty

acids so that such organs/cells can use them as a sec-

ondary energy source and save glucose. Meanwhile, glu-

coneogenesis from glucogenic amino acids of protein

origin and ketogenesis from ketogenic amino acids takes

place to maintain blood glucose and energy sources,

respectively. Several lines of evidence suggest that all

such biochemical adaptation to fasting is ‘transcription-

ally regulated’ in the liver. The transcriptional factor/

nuclear receptor proliferator peroxisome proliferator-

activated receptor alpha (PPARa) has been shown to

primarily mediate adaptive responses to fasting in the

liver [4–7]. In addition, tumor protein/suppressor p53

(TP53) has been shown recently to increase via posttran-

scriptional regulation in the liver upon fasting, thereby

mediating amino acid catabolism and gluconeogenesis

[8]. However, such transcriptional regulation upon fast-

ing has not been described in nonhepatic organs. More-

over, proteomic studies on the nonhepatic organs

during fasting have been unexpectedly limited [9,10]

although the impacts of fasting are often apparent in the

nonhepatic organs as we reported fasting-induced car-

dioprotection in mice [11].

In this study, we investigated the possible sources of

organ-specific transcriptional regulation upon fasting

using two-dimensional difference gel electrophoresis

(2D DIGE) proteomic approach. Although LC-MS/

MS became the mainstream for such proteomic analy-

sis in recent decades, conventional 2D DIGE continues

to be an important technology that enables rapid and

direct visualization of thousands of proteins and their

quantitative analyses [12–18]. Here, we report novel

transcriptional regulation in nonhepatic organs includ-

ing kidney, thymus, and spleen upon fasting for

2 days.

Materials and methods

Animals

C57BL/6J mice were purchased from Japan SLC (Shizuoka,

Japan). Eight-week-old male mice were group-housed (4

mice per 470-cm2 cage) in an air-conditioned room (24 °C)
kept on a 12-h dark/light (8 pm–8 am) cycle, and allowed

free access to water and a CE-2 standard dry rodent diet

(Clea Japan, Tokyo, Japan). In fasting experiments, mice

were deprived of the diet for 1 or 2 days between 2 pm and

2 pm (hereinafter referred to as F1 and F2 mice, respec-

tively). Ad libitum-fed (AL) mice were analyzed as controls.

After anesthetization by isoflurane inhalation, blood was col-

lected through the heart and the liver, kidney, thymus,

spleen, brain, and testis were quickly dissected out, snap-fro-

zen by liquid nitrogen, and stored at �80 °C. All animal pro-

cedures conformed to the Guide for the Care and Use of

Laboratory Animals, 8th Edition published by the US

National Research Council, and were approved by the Ani-

mal Care Committees of Keio University (No. 09187-[4–6])
or Showa Pharmaceutical University (No. P-2016-10).

Serum biochemistry

Serum levels of glucose and ketone bodies were measured

using a Drichem 7000i biochemistry analyzer (Fujifilm,

Tokyo, Japan) and an AutoWako Total Ketone Bodies

clinical assay kit (Wako, Osaka, Japan), respectively.

Serum levels of adiponectin, insulin, C-peptide 2, leptin,

resistin, and gastric inhibitory polypeptide (GIP; also

known as glucose-dependent insulinotropic polypeptide

[19]) were measured using Multiplex Biomarker Immunoas-

says for Luminex xMAP technology (Millipore, Billerica,

MA, USA); Catalog Nos. MADPNMAG-70K-01 for adi-

ponectin; and MMHMAG-44k for other hormones. Quan-

titative analyses were performed using Luminex xPONENT

and MILLIPLEX Analyst 4.2 software.

2D DIGE

Each organ aliquot (50–100 mg) was homogenized

(4100 r.p.m., 30 s 9 3, 4 °C) in ice-cold urea buffer (7 M

urea, 2 M thiourea, 4% CHAPS, 65 mM dithiothreitol

[DTT], 1 mM phenylmethylsulfonyl fluoride, and 1 mM

sodium orthovanadate) using a Micro Smash MS-100R

Beads Cell Disrupter (Tomy, Tokyo, Japan) and 5-mm-dia-

meter zirconia beads (Tomy). Homogenates were cen-

trifuged at 16 000 g for 5 min at 4 °C, and then, the

supernatants were centrifuged at 20 000 g for 25 min at

4 °C. Protein concentrations of the resultant supernatants

were determined using a Bio-Rad Protein Assay and bovine

serum albumin as a standard. All reagents used in this

study were of analytical grades from Wako (Tokyo, Japan)

or Sigma-Aldrich unless otherwise noted. 2D DIGE was
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performed as described previously [12–14]. Twenty-five lg
of protein (adjusted to pH 8.5 by adding 40 mM Tris/HCl

[pH 8.5]) was labeled with 200 pmol of CyDye (Cy2, Cy3,

or Cy5 minimal dye fluor [GE Healthcare]) for 30 min at

4 °C in the dark. A pool, to be used for calibration

between the gels, was generated from equal protein

amounts of all eight samples (n = 4 each for AL and F2

mice). The reaction was stopped by adding 0.5 lL of

10 mM lysine. Labeled samples were mixed, and DTT and

immobilized pH gradient (IPG) buffer (final 1% each) were

added for 10 min at 4 °C in the dark. The samples were

subjected to isoelectric focusing (IEF) in an Immobiline

DryStrip (18 cm, pH 3–10 NL [nonlinear], GE Healthcare)

that was rehydrated for 20 h in rehydration buffer (7 M

urea, 2 M thiourea, 2% Triton X-100, 13 mM DTT, 2.5 mM

acetic acid, 1% IPG buffer, and 5 p.p.m. bromophenol

blue) at 20 °C, using a CoolPhoreStar IPG-IEF Type-PX

system (Anatech, Tokyo, Japan). Once IEF was completed,

the strips were equilibrated for 30 min in equilibration buf-

fer (50 mM Tris/HCl [pH 6.8], 6 M urea, 2% SDS, 30% [v/

v] glycerol, 65 mM DTT, and 5 p.p.m. bromophenol blue),

followed by in alkylating buffer (equilibration buffer with

4.5% iodoacetamide instead of DTT) for an additional

15 min. The strips were sealed on the top of 12.5% PAGE

gels (140 9 140 9 1 mm; Perfect NT Gel S from DRC,

Tokyo, Japan) using 0.5% low-melting-point agarose in

Tris/glycine electrophoresis buffer. The second dimension

of protein separation was performed at a constant 200 V

using an ERICA-S high-speed electrophoresis system

(DRC). A total of four gels (for the comparisons between

AL (n = 4) and F2 (n = 4)) were scanned at once for Cy2/

Cy3/Cy5 fluorescence using a Typhoon Trio image scanner

(GE Healthcare), and obtained images were integratively

analyzed using DeCyder 2D ver. 6.5 differential analysis

software (GE Healthcare).

Silver staining

For protein identification using MALDI-TOFMS, each tis-

sue homogenate sample (100–150 lg) was subjected to 2D

PAGE (mentioned above) without CyDye labeling. To get

better resolutions, some samples were separated on larger

2D systems using longer strips (24 cm, pH 3–10 NL [non-

linear]) and larger PAGE gels (257 9 200 9 1 mm; Perfect

NT Gel W from DRC). After electrophoresis, the gel was

stained using a Silver Stain MS Kit (Wako).

MALDI-TOFMS analysis of trypsin digests

Gel pieces were excised from silver-stained gels, destained

with a mixture of destaining solutions A and B (Wako),

washed twice with deionized water and four times with

50 mM ammonium bicarbonate (NH4HCO3):acetonitrile

(1 : 1), dehydrated once with acetonitrile, twice alternately

rehydrated with 100 mM NH4HCO3 and dehydrated with

acetonitrile, and dried by vacuum centrifugation. Protein

samples in the gels were digested in 10 lL of trypsin solution

(0.1 lg of Trypsin Gold, Mass Spectrometry Grade [Pro-

mega] and 0.01% ProteaseMAX Surfactant, Trypsin Enhan-

cer [Promega] in 25 mM NH4HCO3) by incubating at 50 °C
for 1 h. Trypsin digests were mixed with 3 lL of 2% trifluo-

roacetic acid, and 1 lL of samples was spotted onto a lFo-
cus MALDI plate (900 lm, 384 circles, Hudson Surface

Technology [Old Tappan, NJ, USA]) with an equal volume

of matrix solution, containing 10 mM a-cyano-4-hydroxycin-
namic acid in 1% trifluoroacetic acid/50% acetonitrile. Posi-

tive ion mass spectra were obtained using an AXIMA-CFR

plus (Shimadzu, Kyoto, Japan) in a reflectron mode. MS

spectra were acquired over a mass range of 700–4000 m/z

and calibrated using Peptide calibration standards (~ 1000–
3200 Da; Bruker Daltonics, Yokohama, Japan).

Database search for protein identification/

clarification and upstream regulator analysis

Proteins were identified by matching the peptide mass finger-

print with the Swiss-Prot protein database using the MAS-

COT search engine (Matrix Science, http://www.matrixscie

nce.com). Database searches were carried out using the fol-

lowing parameters: taxonomy, Mus musculus; enzyme, tryp-

sin; and allowing 1 missed cleavage. Carbamidomethylation

was selected as a fixed modification, and the oxidation of

methionine was allowed as a variable. The peptide mass tol-

erance was set at 0.5 Da, and the significance threshold was

set at P < 0.05 probability based values on Mowse Scores

(≥ 55). Protein classification by its biological process

involved and its molecular function was carried out using

the PANTHER (Protein ANalysis THrough Evolutionary

Relationships) clarification system (http://www.pantherdb.

org/), which is supported by a research grant from the

National Institute of General Medical Sciences [Grant

GM081084] and maintained by the group led by Paul D.

Thomas at the University of Southern California. Upstream

regulator analysis was performed using Ingenuity Pathway

Analysis (IPA) software (Qiagen).

Statistical analysis

Data are expressed as mean � SD (n: sample numbers).

Statistical analysis was performed using one-way ANOVA

with Tukey’s multiple comparison test with Prism ver. 5.0c

software (GraphPad, La Jolla, CA, USA); P < 0.05

denoted a significant difference.

Results

Protein expression changes in the liver

We first estimated the duration required to obtain

organ proteomic responses by fasting using serum
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biochemistry. One-day (water-only) fasting was suffi-

cient to maintain minimal levels of glucose, insulin, C-

peptide 2, leptin, and resistin; the levels generally

matched those in F2 mice, but, in contrast, the accu-

mulation of ketone bodies and GIP was much more

apparent in F2 mice (Fig. 1). Our exploratory 2D

DIGE analyses did not find apparent alterations in

hepatic protein expression in F1 mice (data not

shown), and additional (e.g., 3-day) fasting (that may

cause acute > 25% body weight loss) was not allowed

for ethical reasons in our university. Therefore, we

investigated global protein expression in various mouse

organs after 2-day fasting.

We reported previously that 2-day fasting of adult

C57BL/6J male mice causes 23.4% body and 32.2%

liver weight losses [20]. Despite such drastic alter-

ations, the marked activation of protein degradation

systems such as ubiquitin-proteasome and autophagy-

lysosome systems was not detectable by RT-PCR anal-

ysis of the liver, which highly contrasted with thymus,

another highly atrophied (54.7% weight loss) organ

[20]. However, our 2D DIGE proteomic analyses

revealed substantial numbers of proteins were up- or

downregulated in the liver of F2 mice; for example,

among a total of 1824 protein spots identified in the

representative 2D gel (Fig. 2A), 214 (11.7%, red cir-

cles) and 178 (9.8%, green circles) spots were > 1.1-

fold up- and downregulated, respectively (Fig. 2B). By

comparative analysis between the four independent

gels using DeCyder software, we identified 34 signifi-

cantly upregulated proteins (P < 0.05, Table 1 and

Table S1 [Sheet A] for weblinks); these include key

enzymes in gluconeogenesis (phosphoenolpyruvate car-

boxykinase, cytosolic [Pck1 (spot 1), the rate-limiting

enzyme of gluconeogenesis] and pyruvate carboxylase,

mitochondrial [Pc (spot 18)]), peroxisomal fatty acid b-
oxidation (peroxisomal acyl-CoA oxidase 1 [Acox1

(spot 10)]), ketogenesis (hydroxymethylglutaryl-CoA

synthase, mitochondrial [Hmgcs2 (spot 12, 120), the

rate-limiting enzyme of ketogenesis] [21,22]), pheny-

lalanine metabolism (phenylalanine-4-hydroxylase [Pah

(spot 9)] and homogentisate 1,2-dioxygenase [Hgd

Fig. 1. Impact of 1- or 2-day fasting on

serum biochemical parameters. Serum

levels of glucose, insulin, C-peptide 2,

leptin, resistin, ketone bodies, gastric

inhibitory polypeptide (GIP), and

adiponectin were measured. AL,

ad libitum-fed (AL); F1, 1-day fasted; F2, 2-

day fasted. Data are mean � SD (n:

sample numbers); significant changes in

*P < 0.05, **P < 0.01, and ***P < 0.001

vs AL; ###P < 0.001 vs F1 by one-way

ANOVA with Tukey’s multiple comparison

test.

Fig. 2. Fasting-induced protein remodeling in the liver. Fluorescent 2D DIGE was performed on liver homogenates from ad libitum-fed (AL)

and 2-day fasted (F2) mice. (A) Representative fluorescent gel image in which proteins upregulated by fasting are labeled in red and those

downregulated are in green. Approximate isoelectric points (pI) and molecular weights (MW; kDa) are indicated. (B) Quantitative profiling of

the above image using DeCyder software. Upregulated and downregulated (> 1.1-fold) protein spots are labeled in red and green,

respectively, with others in yellow. The x-axis represents log [(Fasted/AL) fold induction], and the y-axis represents spot signal intensity; the

red line represents spot number distribution, while the blue line its Gaussian approximation; and two black straight lines represent 1.1 and –

1.1 fold change. (C) The three highest scoring upstream regulators (PPARa, NR1I2, and PPARc) listed by Ingenuity Pathway Analysis (IPA)

of the samples from AL and F2 mice (n = 4 each). Upregulated proteins with IDs identical to those in A and B are shown in red and

downregulated proteins are in green, and predicted relationships are indicated by various types of lines described in the panel. The numbers

in parentheses are the numbers of current publications reporting those relationships.

1527FEBS Open Bio 8 (2018) 1524–1543 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

S. Kamata et al. Fasting induces protein remodeling through PPARa and/or TP53



(spot 7)]), and S-adenosylmethionine (the major

methyl donor for hundreds of methyltransferases) syn-

thesis (S-adenosylmethionine synthase isoform type-1

[Mat1a (spots 2, 20, 200, 2000)]). We also identified 38

significantly downregulated proteins involved in fatty

acid synthesis (fatty acid synthase [Fasn (spot 37)]),

glycogenolysis (glycogen phosphorylase, liver form

[Pygl (spot 40)], and glutathione conjugation
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(glutathione S-transferases, p1 [Gstp1 (spot 54)]), and

l1 [Gstm1 (spot 70)] (Table 1 and Table S1 [Sheet A]).

Proteomic data analysis using IPA software revealed

PPARa (= PPARA) as the highest scoring upstream

regulator, followed by nuclear receptor subfamily 1

group I member 2 (NR1I2; also known as PXR [preg-

nane X receptor]) and peroxisome proliferator-acti-

vated receptor gamma (PPARG = PPARc) (Table S2

[Sheet A]). Among multiple PPARa-regulated proteins

[23,24], a total of 20 up- or downregulated proteins

were identified (Fig. 2C). Moreover, among NR1I2-

and PPARc-regulated proteins, 10 and 14 up- or

downregulated proteins were identified, respectively

(Fig. 2C), some of which might contribute to their rel-

atively high scores (Table S2 [Sheet A]). In addition,

TP53 was listed as the fourth highest scoring regulator

in the liver by regulating expression of 19 proteins

(Table S2 [Sheet A]).

Protein expression changes in the kidney

Two-day fasting induced 18.6% kidney weight loss

with no or mild activation of protein degradation sys-

tems in our previous RT-PCR analysis [20]. Proteomic

analysis revealed a total of 1633 spots in the represen-

tative 2D gel (Fig. 3A), of which 45 (2.76%, red

circles) and 44 (2.69%, green circles) spots were > 1.1-

fold up- and downregulated, respectively (Fig. 3B). We

identified only 12 significantly upregulated proteins in

the kidney of F2 mice, which included Pck1 (spot 1),

Acox1 (spot 3), and apolipoprotein A-I (Apoa1, spot

4), just like in the liver (Table 2 and Table S1 [Sheet A

and B]). We also identified 20 significantly downregu-

lated proteins in the kidney; most of them (except cal-

reticulin [Calr (spot 15)] and endoplasmin [Hsp90b1

(heat shock protein 90 kDa beta member 1, spot 16)])

were not apparently changed in the liver (Table 2 and

Table S1 [Sheet A and B]). Nevertheless, the upstream

regulator analysis revealed PPARa as the second high-

est scoring upstream regulator after ATF6 (activating

transcriptional factor 6) and followed by KLF15

(Kr€uppel-like factor 15) (Fig. 3C and Table S2 [Sheet

B]).

Protein expression changes in the thymus and

spleen

Two-day fasting induced marked weight loss in both

the thymus and spleen (54.7% and 41.2%, respec-

tively) although protein degradation systems were only

found to be highly activated in the thymus but not in

the spleen [20]. In a representative 2D gel, among a

total of 1874 spots detected in the thymus (Fig. 4A),

54 (2.88%, red circles) and 67 (3.57%, green circles)

spots were found to be up- or downregulated, respec-

tively (Fig. 4B). We identified 10 and 16 significantly

up- and downregulated proteins in the thymus, respec-

tively; the former includes several structural proteins

such as keratin, collagen, annexin, actin, and moesin

(Table 3 and Table S1 [Sheet C]). Upstream regulators

included MYCN (v-myc myelocytomatosis viral-related

oncogene, neuroblastoma derived [avian]), TP53, and

huntingtin (HTT) in this order (Fig. 4C and Table S2

[Sheet C]). In a representative 2D gel, among a total

of 1861 spots detected in the spleen (Fig. 5A), 42

(2.26%, red circles) and 34 (1.83%, green circles) spots

were found to be up- or downregulated, respectively

(Fig. 5B). We could identify only five and nine signifi-

cantly up- and downregulated proteins in the spleen,

respectively (Table 4 and Table S1 [Sheet D]),

although the upstream regulators included TP53 with

the highest score, followed by nuclear factor of

NFKBIA (kappa light polypeptide gene enhancer in

B-cell inhibitor, alpha) and RARB (retinoic acid recep-

tor, beta) (Fig. 5C and Table S2 [Sheet D]).

When differentially expressed proteins (upon fasting)

were classified by the biological processes involved and

molecular functions using PANTHER software, both

classification patterns were quite similar between the

liver and kidney and between the thymus and spleen

(Fig. 6).

Protein expression changes in the brain and

testis

Two-day fasting induced only 2.7% and 9.2% weight

losses in the brain and testis, respectively [20]. No

apparent protein degradation systems were found to

be activated in either organ in our previous RT-PCR

analysis [20]. In representative 2D gels, among a total

of 2189 spots detected in the brain (Fig. 7A), 360

(16.4%, red circles) and 337 (15.4%, green circles)

spots were found to be up- or downregulated, respec-

tively (Fig. 7B), and among a total of 2301 spots

detected in the testis (Fig. 7C), 184 (8.0%, red circles)

and 249 (10.8%, green circles) spots were found to be

up- or downregulated, respectively (Fig. 7D). How-

ever, the DeCyder comparative analysis of four AL

and four F2 brain (and testis) samples revealed no

consistent alterations in protein expression.

Discussion

This study investigated global protein expression

changes in six major mouse organs upon 2-day fasting.

After 1- or 2-day fasting, blood levels of glucose,
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insulin, and C-peptide 2 (another component of proin-

sulin [insulin + C-peptide 2] that has its own physio-

logical properties [25]) were significantly reduced

compared with the levels in AL mice (67.1%, 61.3%,

and 66.3%, respectively [Fig. 1]). Moreover, the levels

of two adipose-derived peptide hormones, leptin (the

Fig. 3. Fasting-induced protein remodeling in the kidney. Fluorescent 2D DIGE was performed on kidney homogenates from ad libitum-fed

(AL) and 2-day fasted (F2) mice. (A) Representative fluorescent gel image in which proteins upregulated by fasting are labeled in red and those

downregulated are in green. (B) Quantitative profiling of the above image using DeCyder. (C) The three highest scoring upstream regulators

(ATF6, PPARa, and KLF15) listed by IPA of the samples from AL and F2 mice (n = 4 each). Refer to Fig. 2 legend for detailed information.

1533FEBS Open Bio 8 (2018) 1524–1543 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

S. Kamata et al. Fasting induces protein remodeling through PPARa and/or TP53



T
a
b
le

2
.
P
ro
te
in

e
x
p
re
s
s
io
n
c
h
a
n
g
e
s
u
p
o
n
4
8
-h

fa
s
ti
n
g
in

m
o
u
s
e
k
id
n
e
y
.

K
id
n
e
y

s
p
o
t
ID

F
o
ld

c
h
a
n
g
e

P
-v
a
lu
e

P
ro
te
in

n
a
m
e

U
n
ip
ro
t
ID

G
e
n
e

n
a
m
e

U
n
ig
e
n
e
ID

M
a
s
c
o
t

s
c
o
re

S
e
q
u
e
n
c
e

c
o
v
e
ra
g
e

P
e
p
ti
d
e

m
a
tc
h
e
s

M
W

p
I

U
p
re
g
u
la
te
d
p
ro
te
in
s

1
3
.6
7

0
.0
0
4

P
h
o
s
p
h
o
e
n
o
lp
y
ru
v
a
te

c
a
rb
o
x
y
k
in
a
s
e
,
c
y
to
s
o
lic

(G
T
P
)

Q
9
Z
2
V
4

P
c
k
1

M
m
.2
6
6
8
6
7

1
8
3

5
3
%

3
1
/7
7

7
0
0
5
1

6
.1
8

2
1
.5
9

0
.0
0
4

N
-a
c
e
ty
lg
lu
c
o
s
a
m
in
y
l-
p
h
o
s
p
h
a
ti
d
y
lin
o
s
it
o
l
d
e
-N

-

a
c
e
ty
la
s
e

Q
5
S
X
1
9

P
ig
l

M
m
.3
9
0
3
5
8

6
1

3
9
%

7
/2
8

2
8
4
5
0

8
.5
9

3
1
.5
0

0
.0
1
4

P
e
ro
x
is
o
m
a
l
a
c
y
l-
c
o
e
n
zy
m
e
A

o
x
id
a
s
e
1

Q
9
R
0
H
0

A
c
o
x
1

M
m
.3
5
6
6
8
9

1
2
1

3
3
%

1
5
/2
9

7
5
0
0
0

8
.6
4

4
1
.4
8

0
.0
1
8

A
p
o
lip
o
p
ro
te
in

A
-I

Q
0
0
6
2
3

A
p
o
a
1

M
m
.2
6
7
4
3

1
1
1

3
9
%

1
4
/3
5

3
0
5
9
7

5
.5
1

5
1
.4
3

0
.0
1
1

M
ix
tu
re
:
A
c
y
l-
c
o
e
n
zy
m
e
A

th
io
e
s
te
ra
s
e
1

O
5
5
1
3
7

A
c
o
t1

M
m
.1
9
7
8

7
9

3
9
%

1
1
/3
8

4
6
3
3
5

6
.1
2

M
ix
tu
re
:
A
c
y
l-
c
o
e
n
zy
m
e
A

th
io
e
s
te
ra
s
e
2

Q
9
Q
Y
R
9

A
c
o
t2

M
m
.3
7
1
6
7
5

6
5

3
2
%

1
0
/3
8

4
9
8
5
4

6
.8
8

6
1
.3
2

0
.0
2
8

C
a
rn
it
in
e
O
-p
a
lm

it
o
y
lt
ra
n
s
fe
ra
s
e
2
,
m
it
o
c
h
o
n
d
ri
a
l

P
5
2
8
2
5

C
p
t2

M
m
.3
0
7
6
2
0

5
9

2
7
%

1
2
/4
4

7
4
5
0
4

8
.5
9

7
1
.1
9

0
.0
1
8

G
lu
ta
th
io
n
e
S
-t
ra
n
s
fe
ra
s
e
τ2

Q
6
1
1
3
3

G
s
tt
2

M
m
.2
4
1
1
8

8
7

4
1
%

9
/2
6

2
7
7
3
1

7
.0
2

8
1
.1
4

0
.0
3
4

S
tr
e
s
s
-7
0
p
ro
te
in
,
m
it
o
c
h
o
n
d
ri
a
l

P
3
8
6
4
7

H
s
p
a
9

M
m
.2
0
9
4
1
9

1
0
6

4
6
%

2
4
/7
3

7
3
7
0
1

5
.8
1

9
1
.1
4

0
.0
0
4

V
ill
in
-1

Q
6
2
4
6
8

V
il1

M
m
.4
7
1
6
0
1

1
5
5

2
7
%

2
0
/2
8

9
3
2
3
0

5
.7
2

9
0

1
.1
4

0
.0
1
7

V
ill
in
-1

Q
6
2
4
6
8

V
il1

M
m
.4
7
1
6
0
1

1
5
9

3
5
%

2
7
/4
4

9
3
2
3
0

5
.7
2

1
0

1
.1
2

0
.0
2
7

G
lu
ta
th
io
n
e
S
-t
ra
n
s
fe
ra
s
e
l
1

P
1
0
6
4
9

G
s
tm

1
M
m
.3
7
1
9
9

1
2
0

6
9
%

1
7
/5
0

2
6
0
6
7

7
.7
1

1
1

1
.1
1

0
.0
3
4

S
e
le
n
iu
m
-b
in
d
in
g
p
ro
te
in

1
P
1
7
5
6
3

S
e
le
n
b
p
1

M
m
.1
9
6
5
5
8

2
0
8

5
1
%

2
0
/2
9

5
3
0
5
1

5
.8
7

1
2

1
.1
1

0
.0
4
4

C
y
to
s
o
lic

1
0
-f
o
rm

y
lt
e
tr
a
h
y
d
ro
fo
la
te

d
e
h
y
d
ro
g
e
n
a
s
e

Q
8
R
0
Y
6

A
ld
h
1
l1

M
m
.3
0
0
3
5

2
3
8

4
9
%

3
7
/6
5

9
9
5
0
2

5
.6
4

D
o
w
n
re
g
u
la
te
d
p
ro
te
in
s

1
3

�1
.8
4

0
.0
0
4

In
o
s
it
o
l
o
x
y
g
e
n
a
s
e

Q
9
Q
X
N
5

M
io
x

M
m
.1
5
8
2
0
0

1
0
8

5
5
%

1
3
/4
7

3
3
4
8
4

5
.0
3

1
4

�1
.5
6

0
.0
0
4

G
ly
c
in
e
a
m
id
in
o
tr
a
n
s
fe
ra
s
e
,
m
it
o
c
h
o
n
d
ri
a
l

Q
9
D
9
6
4

G
a
tm

M
m
.2
9
9
7
5

1
5
0

3
2
%

1
6
/3
0

4
8
7
7
9

8
.0
0

1
5

�1
.3
2

0
.0
3
5

C
a
lr
e
ti
c
u
lin

P
1
4
2
1
1

C
a
lr

M
m
.1
9
7
1

1
0
0

2
7
%

1
3
/3
0

4
8
1
3
6

4
.3
3

1
6

�1
.3
1

0
.0
0
4

E
n
d
o
p
la
s
m
in

P
0
8
1
1
3

H
s
p
9
0
b
1

M
m
.8
7
7
7
3

7
4

1
4
%

1
4
/2
1

9
2
7
0
3

4
.7
4

1
7

�1
.2
9

0
.0
2
3

P
h
e
n
y
la
la
n
in
e
-4
-h
y
d
ro
x
y
la
s
e

P
1
6
3
3
1

P
a
h

M
m
.2
6
3
5
3
9

6
9

3
1
%

1
3
/5
0

5
2
3
8
1

5
.9
1

1
8

�1
.2
8

0
.0
2
7

A
c
y
l-
c
o
e
n
zy
m
e
A

s
y
n
th
e
ta
s
e
A
C
S
M
2
,
m
it
o
c
h
o
n
d
ri
a
l

Q
8
K
0
L
3

A
c
s
m
2

M
m
.2
6
8
4
4
8

2
1
5

4
0
%

2
2
/2
8

6
4
7
4
1

8
.5
4

1
9

�1
.2
6

0
.0
1
4

E
lo
n
g
a
ti
o
n
fa
c
to
r
2

P
5
8
2
5
2

E
e
f2

M
m
.3
2
6
7
9
9

6
5

1
2
%

9
/1
3

9
6
2
2
2

6
.4
1

2
0

�1
.2
2

0
.0
2
7

S
u
lfi
te

o
x
id
a
s
e
,
m
it
o
c
h
o
n
d
ri
a
l

Q
8
R
0
8
6

S
u
o
x

M
m
.2
3
3
5
2

6
2

1
4
%

7
/1
5

6
1
2
3
1

6
.0
7

2
1

�1
.2
0

0
.0
0
9

E
lo
n
g
a
ti
o
n
fa
c
to
r
T
u
,
m
it
o
c
h
o
n
d
ri
a
l

Q
8
B
F
R
5

T
u
fm

M
m
.1
9
7
8
2
9

7
0

1
6
%

8
/1
4

4
9
8
7
6

7
.2
3

2
2

�1
.1
9

0
.0
5
0

G
e
ls
o
lin

P
1
3
0
2
0

G
s
n

M
m
.2
1
1
0
9

7
2

2
6
%

1
2
/3
8

8
6
2
8
7

5
.8
3

1
8
0

�1
.1
9

0
.0
1
9

A
c
y
l-
c
o
e
n
zy
m
e
A

s
y
n
th
e
ta
s
e
A
C
S
M
2
,
m
it
o
c
h
o
n
d
ri
a
l

Q
8
K
0
L
3

A
c
s
m
2

M
m
.2
6
8
4
4
8

1
1
4

4
9
%

2
2
/9
4

6
4
7
4
1

8
.5
4

2
3

�1
.1
8

0
.0
4
9

N
u
c
le
o
lin

Q
9
1
V
A
3

N
c
l

M
m
.1
5
4
3
7
8

6
1

1
0
%

7
/1
2

7
6
7
3
4

4
.6
9

2
4

�1
.1
8

0
.0
2
3

A
c
e
ty
l-
c
o
e
n
zy
m
e
A

s
y
n
th
e
ta
s
e
2
-l
ik
e
,
m
it
o
c
h
o
n
d
ri
a
l

Q
9
9
N
B
1

A
c
s
s
1

M
m
.7
0
4
4

6
0

1
6
%

1
0
/2
7

7
5
3
1
7

6
.5
1

2
5

�1
.1
8

0
.0
1
9

B
e
ta
-l
a
c
ta
m
a
s
e
-l
ik
e
p
ro
te
in

2
Q
9
9
K
R
3

L
a
c
tb
2

M
m
.8
9
5
7
2

8
1

3
4
%

7
/1
3

3
3
0
1
9

5
.8
9

1
9
0

�1
.1
7

0
.0
4
9

E
lo
n
g
a
ti
o
n
fa
c
to
r
2

P
5
8
2
5
2

E
e
f2

M
m
.3
2
6
7
9
9

6
0

1
7
%

1
4
/3
7

9
6
2
2
2

6
.4
1

2
6

�1
.1
7

0
.0
4
3

H
e
a
t
s
h
o
c
k
p
ro
te
in

7
5
k
D
a
,
m
it
o
c
h
o
n
d
ri
a
l

Q
9
C
Q
N
1

T
ra
p
1

M
m
.1
2
3
3
6
6

1
4
7

4
4
%

2
5
/4
9

8
0
5
0
1

6
.2
5

2
7

�1
.1
7

0
.0
0
9

2
-o
x
o
g
lu
ta
ra
te

d
e
h
y
d
ro
g
e
n
a
s
e
,
m
it
o
c
h
o
n
d
ri
a
l

Q
6
0
5
9
7

O
g
d
h

M
m
.2
7
6
3
4
8

1
5
5

2
4
%

2
3
/4
0

1
1
7
5
7
2

6
.3
6

2
8

�1
.1
6

0
.0
4
9

4
-t
ri
m
e
th
y
la
m
in
o
b
u
ty
ra
ld
e
h
y
d
e
d
e
h
y
d
ro
g
e
n
a
s
e

Q
9
J
L
J
2

A
ld
h
9
a
1

M
m
.3
3
0
0
5
5

6
7

2
3
%

1
0
/2
7

5
4
4
4
9

6
.6
3

2
9

�1
.1
5

0
.0
3
1

L
o
n
p
ro
te
a
s
e
h
o
m
o
lo
g
,
m
it
o
c
h
o
n
d
ri
a
l

Q
5
6
A
1
6

L
o
n
p
1

M
m
.3
2
9
1
3
6

6
3

1
5
%

1
4
/2
9

1
0
6
3
4
7

6
.1
5

3
0

�1
.1
3

0
.0
3
9

3
-h
y
d
ro
x
y
is
o
b
u
ty
ra
te

d
e
h
y
d
ro
g
e
n
a
s
e
,
m
it
o
c
h
o
n
d
ri
a
l

Q
9
9
L
1
3

H
ib
a
d
h

M
m
.2
8
6
4
5
8

7
8

2
1
%

7
/1
2

3
5
8
1
6

8
.3
7

3
1

�1
.1
3

0
.0
1
8

E
H

d
o
m
a
in
-c
o
n
ta
in
in
g
p
ro
te
in

1
Q
9
W
V
K
4

E
h
d
1

M
m
.3
0
1
6
9

6
0

2
1
%

1
0
/2
6

6
0
6
2
2

6
.3
5

3
2

�1
.1
2

0
.0
3
4

Is
o
v
a
le
ry
l-
C
o
A

d
e
h
y
d
ro
g
e
n
a
s
e
,
m
it
o
c
h
o
n
d
ri
a
l

Q
9
J
H
I5

Iv
d

M
m
.6
6
3
5

1
0
6

3
8
%

1
3
/2
7

4
6
6
9
5

8
.5
3

1534 FEBS Open Bio 8 (2018) 1524–1543 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

Fasting induces protein remodeling through PPARa and/or TP53 S. Kamata et al.

http://www.uniprot.org/uniprot/Q9Z2V4
http://www.uniprot.org/uniprot/Q5SX19
http://www.uniprot.org/uniprot/Q9R0H0
http://www.uniprot.org/uniprot/Q00623
http://www.uniprot.org/uniprot/O55137
http://www.uniprot.org/uniprot/Q9QYR9
http://www.uniprot.org/uniprot/P52825
http://www.uniprot.org/uniprot/Q61133
http://www.uniprot.org/uniprot/P38647
http://www.uniprot.org/uniprot/Q62468
http://www.uniprot.org/uniprot/Q62468
http://www.uniprot.org/uniprot/P10649
http://www.uniprot.org/uniprot/P17563
http://www.uniprot.org/uniprot/Q8R0Y6
http://www.uniprot.org/uniprot/Q9QXN5
http://www.uniprot.org/uniprot/Q9D964
http://www.uniprot.org/uniprot/P14211
http://www.uniprot.org/uniprot/P08113
http://www.uniprot.org/uniprot/P16331
http://www.uniprot.org/uniprot/Q8K0L3
http://www.uniprot.org/uniprot/P58252
http://www.uniprot.org/uniprot/Q8R086
http://www.uniprot.org/uniprot/Q8BFR5
http://www.uniprot.org/uniprot/P13020
http://www.uniprot.org/uniprot/Q8K0L3
http://www.uniprot.org/uniprot/Q91VA3
http://www.uniprot.org/uniprot/Q99NB1
http://www.uniprot.org/uniprot/Q99KR3
http://www.uniprot.org/uniprot/P58252
http://www.uniprot.org/uniprot/Q9CQN1
http://www.uniprot.org/uniprot/Q60597
http://www.uniprot.org/uniprot/Q9JLJ2
http://www.uniprot.org/uniprot/Q56A16
http://www.uniprot.org/uniprot/Q99L13
http://www.uniprot.org/uniprot/Q9WVK4
http://www.uniprot.org/uniprot/Q9JHI5


pleiotropic hormone of satiation signals/energy expen-

diture [26,27]) and resistin (the hormone that may ‘re-

sist’ insulin actions [28]), were decreased to the same

extent in F1 and F2 mice (Fig. 1). In contrast, ketone

bodies and GIP became more accumulated in F2 mice

(Fig. 1). High accumulation of ketone bodies may

Fig. 4. Fasting-induced protein remodeling in the thymus. Fluorescent 2D DIGE was performed on thymus homogenates from ad libitum-fed

(AL) and 2-day fasted (F2) mice. (A) Representative fluorescent gel image in which proteins upregulated by fasting are labeled in red and those

downregulated are in green. (B) Quantitative profiling of the above image using DeCyder. (C) The three highest scoring upstream regulators

(MYCN, TP53, and HTT) listed by IPA of the samples from AL and F2 mice (n = 4 each). Refer to Fig. 2 legend for detailed information.
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Fig. 5. Fasting-induced protein remodeling in the spleen. Fluorescent 2D DIGE was performed on spleen homogenates from ad libitum-fed

(AL) and 2-day fasted (F2) mice. (A) Representative fluorescent gel image in which proteins upregulated by fasting are labeled in red and

those downregulated are in green. (B) Quantitative profiling of the above image by DeCyder. (C) The three highest scoring upstream

regulators (TP53, NFKBIA, and RARB) listed by IPA of the samples from AL and F2 mice (n = 4 each). Refer to Fig. 2 legend for detailed

information.
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reflect a progressive systemic energy shift from glucose

to ketone bodies. GIP is a polypeptide inhibitor of

gastric acid secretion and acts as an affective promotor

of insulin secretion [29]; therefore, its elevation could

be a delayed compensatory action against low plasma

levels of insulin (Fig. 1). These data indicated some-

what altered systemic conditions between F1 and F2

mice. We identified 72, 26, 14, and 32 proteins that

were significantly up- or downregulated in the liver,

thymus, spleen, and kidney of F2 mice, respectively,

but significant expression changes were not found in

F1 mice (data not shown).

Previous studies demonstrated the pivotal roles of

PPARa in mediating adaptive responses to fasting in

the liver (Fig. 2C and Table S2 [Sheet A]), as observed

in the present study; PPARa positively regulates gluco-

neogenesis, peroxisomal/mitochondrial b-oxidation,
fatty acid transport, and ketogenesis and also nega-

tively regulates glycolysis, amino acid metabolism, and

inflammation, by binding to specific nucleotide

sequences known as peroxisome proliferator response

elements (PPREs) in the promoter regions of target

genes [23,24]. PPARa-knockout mice have been shown

to display several dysregulated responses such as sev-

ere hypoglycemia, hypoketonemia, elevated plasma

free fatty acid levels, and fatty liver upon fasting [4,5].

Accordingly, we found hepatic upregulation of

enzymes involved in gluconeogenesis (Pck1 and Pc),

lipid b-oxidation (Acox1), ketogenesis (Hmgcs2), and

downregulation of the enzymes involved in fatty acid

synthesis (Fasn) and glycogenolysis (Pygl) (Fig. 2C,

Table 1, and Table S1 [Sheet A]). Although all genes

encoding these ‘upregulated’ proteins have been shown

to contain PPREs in their promoter regions [30–34]
and thus can be activated directly by ligand-bound

PPARa, the suppression of Fasn and Pygl expression

could be caused by a secondary mechanism such as

low plasma levels of insulin [35,36].

PPARa is activated by both endogenous and syn-

thetic ligands; the former includes long-chain polyun-

saturated fatty acids and eicosanoids such as

leukotriene B4 and the latter includes fibrates such as

fenofibrate, bezafibrate, and clinofibrate, the drugs for

the treatment of hypertriglyceridemia [24]. Endogenous

ligand activation of PPARa could occur in other

PPARa-expressing organs such as kidney and heart

[37] because large amounts of free fatty acids enter the

systemic circulation during fasting. Indeed, we found

PPARa regulation of nine proteins in the kidney of F2

mice (Fig 3C and Table S2 [Sheet B]) although the

regulatory genes and directions were not necessarily

identical to the liver (Figs. 2C and 3C). The upstream

regulator analysis listed NR1I2 and PPARc as the sec-

ond and third highest scoring transcriptional

Fig. 6. Venn diagrams for clarification of identified proteins that are involved in various biological processes and molecular functions.

Fasting-regulated proteins in the liver, kidney, thymus, and spleen are categorized by ‘biological process’ or ‘molecular function’ using

PANTHER software.
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regulators, respectively, but their P-values were much

(7–8 orders) higher than PPARa (Fig. 2C and

Table S2 [Sheet A]). Expression of PPARc was rather

restricted to adipose tissue and the immune systems,

and its hepatic expression was shown to be extremely

low compared with PPARa in adult rats [37].

The highest scoring regulator in the kidney of F2

mice was ATF6, which could regulate the expression

of five proteins (Fig. 3C): Calr, Hsp90b1, Pck1 (spot 1),

Acox1 (spot 3), and Cpt2 (carnitine O-palmitoyltrans-

ferase 2, mitochondrial; spot 6; an enzyme involved in

acyl transfer across the mitochondrial inner membrane

for b-oxidation in the matrix) (Fig. 3A,B, Table 2, and

Table S2 [Sheet B]). Although the upregulation of

Pck1/Acox1/Cpt2 was common between liver and kid-

ney, the two major organs for both gluconeogenesis

and b-oxidation (Figs. 2C and 3C), the downregula-

tion of Calr and Hsp90b1 was rather kidney-specific,

which may place ATF6 upstream of PPARa in IPA

analysis (Table S2 [Sheet B]). ATF6 is an endoplasmic

reticulum stress-regulated transmembrane transcrip-

tional factor that is activated by its proteolytic

Fig. 7. Fasting-induced protein remodeling in the brain and testis. Fluorescent 2D DIGE was performed on brain (A and B) and testis (C and

D) homogenates from ad libitum-fed (AL) and 2-day fasted (F2) mice. (A and C) Representative fluorescent images, in which proteins

upregulated by fasting are labeled in red and those downregulated are in green. (B and D) Quantitative profiling of the above images using

DeCyder software. Refer to Fig. 2 legend for detailed information.
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cleavage with site 1 and site 2 proteases; the resultant

cytosolic portion translocates to the nucleus, binds to

ER stress response elements, and induces ER stress-

responsive genes [38]. Recent evidence indicates that

the interruption of hepatocellular autophagy attenu-

ates the ATF6-mediated unfolded protein response

[39]; thus, conversely, renal autophagy during fasting

might induce ATF6 activation. In addition, KLF15, a

member of the Kr€uppel-like family of transcriptional

factors, has been shown to regulate gluconeogenesis

and KLF15-deficient mice displayed severe hypo-

glycemia after overnight fasting [40]; accordingly, 2-

day fasting induced KLF15 in two gluconeogenic

organs, the liver (71st highest score) and the kidney

(third highest score) (Table S2 [Sheet A and B]).

The other major finding of this study was TP53-

mediated transcriptional regulation in the thymus,

spleen, and liver; TP53 was listed as the second, first,

and fourth highest scoring upstream regulator, respec-

tively (Figs. 4C and 5C; Table S2 [Sheet A, C, and

D]). TP53 has been described as ‘the guardian of the

genome’ because it regulates ‘thousands [41]’ of target

genes to prevent genome mutation and is encoded by

the most frequently mutated gene in human cancer;

however, TP53 also regulates multiple cellular

responses including autophagy [42], inflammation,

pluripotency, and energy metabolism [43,44]. A recent

study mentioned that fasting robustly increases (stabi-

lizes) TP53 in the mouse liver via hepatocyte autono-

mous and AMP-activated protein kinase-dependent

posttranscriptional mechanisms, thereby regulating

gluconeogenesis and amino acid catabolism [8]. In

addition, TP53-deleted mice became hypoglycemic

and showed defective utilization of hepatic amino

acids upon fasting [8]. Of note, TP53 regulated some-

what different sets of genes in the thymus and spleen.

Two-day fasting upregulated five proteins (Krt8/18

[keratin, type II cytoskeletal 8/18], Anxa4 [annexin

A4], Actb [actin, cytoplasmic 1], Serpinb6 [serpin B6],

and Gsn [gelsolin]), and downregulated five proteins

(Hsp90ab1 [heat shock protein HSP 90-beta], Actn1

[alpha-actinin-1], Hspd1 [60 kDa heat shock protein,

mitochondrial], Hspa8 [heat shock cognate 71 kDa

protein], Rpsa [40S ribosomal protein SA], and Ldha

[L-lactate dehydrogenase A chain]) in the thymus

(Fig. 4C, Table 3, and Table S1 [Sheet C]). In con-

trast, the fasting upregulated five proteins (Apoa1

[apolipoprotein A-I], Krt8, Gstm5 [= Gstm1, glu-

tathione S-transferase Mu 1], Ada [adenosine deami-

nase], and Actn1/4 [mixtures of alpha-actinin 1/4],

and downregulated six proteins (Hsp90ab/aa1 [mix-

tures of heat shock protein HSP 90-beta/alpha], Stat

1 [signal transducer and activator of transcription 1],

Ezr [ezrin], Rpsa, Krt18, and Aco2 [aconitate hydra-

tase, mitochondrial] in the spleen (Fig. 5C, Table 4,

and Table S1 [Sheet D]). In the spleen, nearly half of

the proteins with altered expression during fasting

were TP53 target gene proteins, which may place

TP53 at the top of the upstream regulator lists

(Table S2 [Sheet D]). Furthermore, TP53 regulation

of 12 proteins (among 19 proteins identified) was

liver-specific (Table S2 [Sheet A]). Fasting/calorie

restriction has been also shown to reduce age-related

diseases including cancer [45]; and therefore, fasting-

induced TP53 regulation could be involved in such

systemic tumor suppression.

MYCN and HTT were listed as the first and third

highest scoring upstream regulators in the thymus

(Fig. 4C), where NFKBIA and RARB were as the sec-

ond and third highest scoring upstream regulators in

the spleen (Fig. 5C). However, they only regulated

only 6, 7, 5, and 3 proteins, respectively, in the IPA

analysis, and their physiological roles await further

investigations. In conclusion, this proteomic study

revealed protein remodeling in response to fasting in

the mouse liver, kidney, thymus, and spleen that could

be transcriptionally regulated by PPARa and/or TP53.

These findings could open new perspectives to under-

stating the systemic effects of single fasting in animal

experiments.
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upon 2-day fasting identified by 2D DIGE and

MALDI-TOF/MS analyses. (B) Kidney: Differentially

expressed proteins upon 2-day fasting identified by 2D

DIGE and MALDI-TOF/MS analyses. (C) Thymus:

Differentially expressed proteins upon 2-day fasting

identified by 2D DIGE and MALDI-TOF/MS analy-

ses. (D) Spleen: Differentially expressed proteins upon

2-day fasting identified by 2D DIGE and MALDI-

TOF/MS analyses.

Table S2. (A) Liver: Upstream regulator analysis of

differentially expressed proteins upon 2-day fasting by

Ingenuity Pathway Analysis (IPA). (B) Kidney:

Upstream regulator analysis of differentially expressed

proteins upon 2-day fasting by Ingenuity Pathway

Analysis (IPA). (C) Thymus: Upstream regulator anal-

ysis of differentially expressed proteins upon 2-day

fasting by Ingenuity Pathway Analysis (IPA). (D)

Spleen: Upstream regulator analysis of differentially

expressed proteins upon 2-day fasting by Ingenuity

Pathway Analysis (IPA).

1543FEBS Open Bio 8 (2018) 1524–1543 ª 2018 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

S. Kamata et al. Fasting induces protein remodeling through PPARa and/or TP53


	Outline placeholder
	a1
	a2
	fig1
	fig2
	tbl1
	fig3
	tbl2
	fig4
	tbl3
	fig5
	tbl4
	fig6
	fig7
	bib1
	bib2
	bib3
	bib4
	bib5
	bib6
	bib7
	bib8
	bib9
	bib10
	bib11
	bib12
	bib13
	bib14
	bib15
	bib16
	bib17
	bib18
	bib19
	bib20
	bib21
	bib22
	bib23
	bib24
	bib25
	bib26
	bib27
	bib28
	bib29
	bib30
	bib31
	bib32
	bib33
	bib34
	bib35
	bib36
	bib37
	bib38
	bib39
	bib40
	bib41
	bib42
	bib43
	bib44
	bib45


